Mitochondrial response to oxidative stress is intricately related to cellular homeostasis due to the high susceptibility of the mitochondrial genome to oxidative damage. Octocoral mitogenomes possess a unique DNA repair gene, mtMutS, potentially capable of counteracting the effects of oxidative stress induced mtDNA damage. Despite this unique feature, the response of octocoral mitochondria to increased oxidative stress remains unexplored. Here we explore the response of the octocoral Sinularia cf. cruciata to elevated temperature and low-pH stress and its ability to reverse acute oxidative mtDNA damage caused by exogenous agents like hydrogen peroxide (H 2 O 2 ). The differential transcriptional response to these climate change-related stresses was recorded for two mtDNA-encoded genes and three stress biomarkers. Only HSP70 was significantly upregulated during thermal stress whereas significant reduction in the expression levels of HSP70, GPX, and COI was observed along with an increased number of mtMutS transcripts during low-pH stress. Damage to mtDNA was evident, accompanied by changes in mtDNA copy number. Damage caused by H 2 O 2 toxicity was reversed within 5 hours and initial mtDNA copy number apparently influenced damage reversal. Our results indicate that different stress-specific resilience strategies are used by this octocoral species and its mitochondria to reverse oxidative stress and associated mtDNA damage. These experiments provide the first account on the response of octocoral mitochondria with its unique gene repertoire among animals to different stressors and highlight its potential role in conferring resilience to the host cells during different climate change scenarios.
106 peroxidase (GPX) and Cu/Zn superoxide dismutase (CuZnSOD) was assessed. This is one of the 107 first attempts to integrate gene expression and mtDNA damage/repair quantification to explore 108 the ability of octocorals to mitigate and resist climate change-induced oxidative stress events, 109 and represents a first step towards developing fundamental/mechanistic mitochondria-centric 110 models of stress tolerance in octocorals.
112 Materials and Methods

Coral collection and maintenance
114 Coral colonies were obtained from a commercial source. They were subsequently cut into several 115 pieces that were allowed to grow independently in a closed circuit seawater aquarium at the 116 Molecular Geo-and Palaeobiology lab, Department of Earth and Environmental Sciences 117 Palaeontology & Geobiology, LMU, Munich. The corals were kept under controlled conditions 118 (25 ± 1 °C, pH 8.2 ± 0.1) with a biweekly exchange of 50% fresh artificial seawater (Red Sea, 119 Germany). All the corals were maintained on a 12 h light / 12 h dark light-regime provided by 120 LED light (GHL Mitras LX 6200-HV) at a light intensity of 14 ± 2 kLux. A similar light regime 121 was used for both control and experimental systems mentioned below.
123 Gene identification, sequencing and qPCR primer design:
124 Sequences of stress-related genes GPX and CuZnSOD were obtained from shallow 125 transcriptomic data (unpublished), their identities were confirmed by BLASTn, and BLASTp 126 and these sequences were used for qPCR primer design. HSP70 and reference genes primers 127 were obtained from a previous study (Shimpi et al. 2016 ). Mitochondrial gene primers were
Thermal stress
151 Three S. cf. cruciata nubbins of similar size were placed in an experimental 10L tank and the 152 temperature in the tank was raised gradually from 26 °C to 34 °C over a period of 2 h and was 153 maintained at 34 °C for 6 h thereafter. Three controls were maintained in a similar tank as the 154 experimental tank but temperature was kept at 26ºC during the course of the experiment.
155
Low-pH stress 156 Three S. cf. cruciata nubbins were exposed to low seawater pH by pumping carbon dioxide 157 (CO 2 ) into the seawater of a 10L experimental tank to maintain a stable low pH value of 7.5. The 158 pH was first reduced to 7.5 over a period of 2 h and then maintained at this value for 24 h. The 159 pH value was recorded throughout the experiment and it was observed to be constant at 7.5.
160 Corals were sampled after 24 h exposure. Control samples were maintained under normal 161 condition (pH 8.2) during the course of experiment and the temperature in both tanks was kept 162 constant at 26 °C.
163
Hydrogen Peroxide treatment:
164 To evaluate the capability of octocoral mtDNA to recover from severe mtDNA damage, 165 Hydrogen peroxide (H 2 O 2 ), a principle mediator of oxidative stress and one of the reactive 166 oxygen intermediates generated in mitochondria, was used as a DNA damaging agent due to its 167 natural occurrence and longer stability in seawater as well as high membrane permeability 168 allowing it to diffuse freely throughout the cell and causing DNA damage via Fenton reaction 169 (Lesser 2011). For this treatment, three independent DNA damage experiments were performed 170 (E1, E2, and E3) at different times on independently growing genetically identical coral nubbins.
171 A 5.0 mM H 2 O 2 final concentration was used for acute toxicity and extensive DNA damage. The 219 corrected-Cq = Cq * (log(E) / log(2))" (Kubista M 2007) and used in the calculation of 220 mitochondrial lesion frequency (MLF) using the formula, "Lesion rate (lesions/10kb) = (1 − 2 - . DNA isolated 222 from the non-treated controls was used as reference whereas Cqs of the large and small 223 mitochondrial fragments were used for DNA damage quantification.
224 Determination of mtDNA copy number:
225 To determine the extent of damage of experimental treatments to mitochondria, the 226 mtDNA/nDNA ratio (i.e mtDNA copy number) was calculated before and after treatment using 227 qPCR. Equal amount of total DNA was used to amplify a nuclear (ACTB) and a mitochondrial (Fig. 1B) .
272 The damage of higher magnitude was detected (3.22 lesions per 10 kb DNA; p <0.01) after 24 h 273 exposure to lowered seawater pH (Fig. 1A) . The mtDNA copy number exhibited increase, with 274 respect to the controls, (mtDNA/nDNA = 1.57, p <0.01) during low-pH stress ( 285 Recovery dynamics was likely dependent on the initial mtDNA damage and mtDNA copy 286 numbers. Hence, the lesion frequencies quantified after 1 hr recovery were -9.6, 3.4, and -1.1 for 287 E1, E2, and E3, respectively. Recovery after 5 hr from the end of treatment clearly exhibited 288 uniform mtDNA damage reversal indicated by negative number of lesions per 10 kb DNA 289 suggesting an excess repair and/or increased mtDNA copies. Observed lesion frequencies for E1, 290 E2 and E3 were -6.6, -2.4 and -4.2, respectively (Fig. 3A) .
291 Despite the difference in magnitude in all experiments, mtDNA damage was detected and was 292 reversed, and an excess repair was observed within 5 h after treatment (Fig. 3A ). An additional 293 experiment performed together with the two other soft corals, Sinularia sp. and Briareum sp., 294 also exhibited mtDNA damage followed by a partial damage reversal after 1 h recovery (see Fig. 295 S1). 320 The difference between the E1 and E3 experiments was 5.5 fold and a 5.2-fold difference in 321 mtDNA copy number between E1 and E2 experiments was observed. The thermal and low-pH 322 stress initial mtDNA copy numbers were comparable (p > 0.05) and found to be similar to the E2 323 and E3 H 2 O 2 experiment rather than to the values observed for the E1 (Fig. 4) 
